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Significance  

A robust, safe battery operation is vital for consumer electronics, electric vehicles, and power 

grid. To date, the battery performance is evaluated in laboratories with respect to its specification 

and application by testing, often short of quantitative failure study and analysis before 

deployment. The qualification of cells is based on criteria against specification and determined 

by a small set of parameters as indicators of their quality: e.g. cell capacity, rest voltage and 

internal dc resistance. It is well experienced that even a very consistent build of cells could have 

diverse fate in failure, rendering such cell qualification method ineffective for safety assessment 

and risk mitigation. An effective method to afford early fault detection of anomalies in a battery 

build is needed. Here, we use an electrochemical analytic diagnosis to decipher good, bad and 

ugly cells of a build through aging conditions to quantify their propensity to eventual failures. 

This failure mode and effect analysis (FMEA) and quantification can significantly advance cell 

screening, qualification, early fault detection, and life prediction to improve battery control and 

management for reliable, safe operations. 

  



 

3 

 

Abstract 

A safe and reliable battery operation needs effective diagnostic tools. A quantitative failure 

analysis (FA) to enable cell qualification and quantify its effectiveness for reliable and safe 

operation of rechargeable Li batteries (RLB) is shown here. The method can identify and 

quantify potential failure based on the state of charge (SOC) under any operating conditions. A 

precise and accurate electrochemical analytic diagnosis (eCAD) of 14 rechargeable Li || NMC-

622 cells of the same build are used as an example. The FA by eCAD can quantitatively decipher 

good, bad and ugly cells in cycle aging. The cell qualification is based on thermodynamic SOC, 

not experimental conditions. The method provides a quantitative failure mode and effect analysis 

(FMEA) to reveal diverse “dead Li” formation that affects the reversibility of the Li anode and 

charge retention in the cell. This cell qualification method highlights the potential to improve cell 

quality for safe operation, with strong implications for early fault detection, FA, risk mitigation, 

state estimation and life prediction for reliable and safe RLB operations.  
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Introduction 

Significant advancements in the rechargeable Li battery (RLB) technology propel the use of 

RLB in portable electronic devices, as recognized in the award of the 2019 Nobel Prize in 

Chemistry.1 The acceptance of RLB also inspires the electrification of vehicles and energy 

storage in the utility grid.2-4 The RLB systems being used in these applications are demanding 

better performance and pushing the operation envelopes that raises great concerns on reliability 

and safety.5-6 Cell qualification faces unprecedented demands for precision and accuracy that 

challenges the conventional practice today. As RLB system becomes more massive and 

complicated, RLB cells are placed in various configurations to function as a pack or bank, the 

consistency in performance in these cells is becoming critical. The rule of selecting compatible 

cells in such configurations also becomes complicated and challenging. Traditionally, such 

compatibility is considered in three aspects: capacity, rest voltage and internal resistance of the 

cells. When the cells are placed in a topology with series and parallel connections, the task of 

matching capacity, rest voltage and internal resistance among the cells is complicated to optimize 

performance, reliability and safety of the battery system.7 Furthermore, the cells will suffer 

degradation over time with use.8-9 The degree and rate of such degradation among the cells might 

be diverse, often difficult to quantify until they fail. Late detection of cell failure could 

significantly raise reliability and safety concerns.10-12 

Here we demonstrate a novel approach of using a failure quantification as criteria to assess 

RLB cell quality. We use a build of 14 Li || LixNi0.6Mn0.2Co0.2O2 (NMC-622) coin cells for 

illustration. Li metal electrode (LME) is the “holy grail” for next generation high energy RLB 

designs.13-16 Currently, almost all Li metal RLB designs suffer from short cycle life issues. The 

failure mechanisms are known for aprotic liquid electrolyte cell designs, primarily due to the 
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solid electrolyte interphase (SEI) formation, leading to electrolyte consumption and “inactive” or 

“dead Li” formation (both are root causes in the loss of Li inventory (LLI)) and the associated 

kinetic problems.15, 17-20 Using LME RLB cells in this study provides a unique opportunity to 

exemplify our unique cell qualification concept. To illustrate this concept, we have recently 

developed a quantitative electrochemical analytic diagnosis (eCAD) method21 that can accurately 

and precisely determine the attributes and the amount of capacity loss in LME-based RLB during 

cycle aging. This method can clearly identify and quantify capacity fade (QF) due to (1) the loss 

of active materials (LAM) and LLI (QFLAM and QFLLI) and (2) the under-utilization of the active 

materials (UAM) in the electrode due to rate-dependent polarization (QFIR) and kinetic 

polarization hindrance (KPH and QFKPH). This method offers a thermodynamic state-of-charge 

(SOC)-based data analytic capability more reliable than any prior techniques, such as the 

incremental capacity analysis (dQ/dV) or alike.9, 20, 22-24 This approach provides the basis for the 

thermodynamic state determination25 to yield accurate Li content in the NMC-622 composition 

and its changes in the cell reaction. Thus, we were able to quantify the thermodynamic attributes 

of the QF (i.e. QFLAM and QFLLI) and separate them from the kinetic ones under the influence of 

operating conditions (i.e. polarization that results in QFIR and QFKPH). More detailed description 

of the analytic method and the terminologies used herein are explained in Ref [21] and will not 

be repeated here. 

Fig. 1(a) shows the charge retention results of these 14 Li || NMC-622 coin cells. The test 

schedule and protocols used in the tests is explained in Supplementary Information and Fig. S1. 

A few notable aspects should be emphasized herein. (a) These 14 cells are well qualified in the 

build for consistency in performance in their early life. This is exemplified by their endurance of 

25 charge-discharge (C/D) cycles at C/3 without any deviation from a linear charge retention 
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behavior. They exhibit a tight QC/3 capacity distribution of 189.09 ± 0.81 mAh g−1 (± 0.43%) at 

Cycle 1 and 177.71 ± 0.77 mAh g−1 (± 0.43%) at Cycle 25 with an averaged capacity fade rate of 

0.47 mAh g−1 cycle−1. (b) Upon performing the reference performance test RPT-1 at C/10 and 

C/20 respectively to determine the charge retention at lower rates, the capacity distribution was 

slightly widened. At C/10, the standard deviation increased to ± 0.70%, and at C/20 to ± 0.61%. 

(c) In the subsequent 25 cycles of aging, the 14 cells began to exhibit a diverse charge retention 

behavior. Cell #8 and #10 showed much shortened cycle life, noted as “ugly” cells. Cell #2, #3, 

#4, #6 and #13 are “bad” cells, exhibiting accelerated (non-linear) QF and falling outside the ± 

2σ bounds of 95% confidence interval projected from the QC/3 distribution at Cycle 26 with 0.47 

mAh g−1 cycle−1 fade rate and standard deviation of 1σ = ± 0.54%. (See Fig. 1(b)) 

(a) (b)  

Fig. 1. (a) Charge retention behavior of a build of 14 Li || NMC-622 coin cells that can be 

identified as “good,” “bad” and “ugly” classes. (b) The criterion of 95% confidence in 

specific capacity distribution from cycle to cycle (from Cycle 26 to 50 at C/3) in the 

“good” class, separating it from “bad” and “ugly” ones.  

Similar capacity distributions and QF behaviors in charge retention are constantly observed 

in experiments by us and by others, but the origins of such distributions are hardly analyzed and 

explained quantitatively in the past.18-19, 26-30 Here, we seize this opportunity to analyze such a 

behavior using a reliable and quantitative failure mode and effect analysis (FMEA) by eCAD to 
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gain more insightful understanding of cell failure. Through this practice, we would like to show a 

better way to quantify failure effects in order to advance practical cell design and manufacturing 

and to manage risks toward better reliability and safety. As examples, the charge retention and 

QF behavior of three representative cells in the good, bad, and ugly classes are analyzed ( in the 

beginning of life.  

 

Table 1 and Fig. 2) and explained to illustrate the merit of applying this eCAD in a 

performance-based cell qualification and FMEA.  

Qualification of Good, Bad, and Ugly Cells through eCAD-Based FMEA 

Fig. 2(a) shows the charge retention behavior of three representative cells (one from each of 

the good, bad and ugly classes: Cell #7—good, Cell #3—bad, and Cell #8—ugly). Fig. 2(b)-(d) 

exhibited the eCAD-based analytic discharge curves (along with the corresponding experimental 

discharge curves at C/3 in the insets) for FMEA. These analytic discharge curves revealed very 

diverse behaviors in the charge retention and cycle life. At Cycle 25, Fig. 2(a) showed that the 

three cells behaved quite consistently in the charge retention during the first 25 cycles of aging at 

C/3. Using the eCAD-based analytic discharge curve of Cell #7 as an example, Fig. 2(b) showed 

that when SOC>30%, the cell VIR-free was closely aligned with the pseudo-OCV as a function of 

SOC. Thus, the portion of the eCAD-based analytic discharge curve (i.e. the VIR-free vs. SOC 

curve) was closely aligned with the universal pseudo-OCV vs. SOC curve above 30% SOC. This 

observation indicates that from the beginning of discharge (BOD) to near 30% SOC, the reaction 

kinetic pathway continues to follow the one defined by the thermodynamics. Only when the cell 
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reached below 30% SOC, additional polarization-induced effect began to set them apart—this is 

the so-called “KPH effect” beyond the IR polarization in this article. 

With careful examinations, we also noticed that certain differences in the KPH effect were 

already being revealed in Cell #3 (bad) and Cell #8 (ugly) by eCAD, as highlighted by the gold-

colored circular marker in Fig. 2(b). The separation of VIR-free and pseudo-OCV occurred at a 

higher SOC than 30% SOC (likely near 40% SOC) in both cases. The early detection of such 

disparity in the KPH effect, even though quite subtle but noticeable, could be beneficial for cell 

qualification screening in the cell production and battery system integration. The corresponding 

dQ/dV plots of the good, bad and ugly cells (as shown in Fig. S2 in the Supporting Information) 

further help visualize the onset and impact of the KPH effect. 

At Cycle 45, as the charge retention showed more noticeable differences among the three, the 

eCAD-based analytic discharge curves revealed how they depart (as Fig. 2(c) highlighted). Here, 

Cell #7 continued to follow the same linear QF progression in charge retention, whereas Cells #3 

and #8 began to exhibit non-linearity (as shown in Fig. 2(a)). Comparing Fig. 2(b) and (c), the 

KPH effect in Cell #7 continued to grow in magnitude (in other words, the NMC-622 capacity 

continued to be progressively under-utilized) and the onset of the departure of VIR-free from 

pseudo-OCV occur at a higher SOC cycle by cycle (at Cycle 45, this onset of the separation of 

VIR-free and pseudo-OCV is roughly around 40% SOC versus 30% at Cycle 25).  

In contrast, the eCAD-based analytic discharge curves of Cells #3 and #8 showed a different 

behavior from that of Cell #7, as highlighted in Fig. 2(c). Both cells showed an early departure of 

VIR-free from pseudo-OCV from BOD. Furthermore, the separation between VIR-free and pseudo-

OCV increased with depth of discharge (DOD). Such a behavior is different from the KPH effect 

observed in Cycle 25 (Fig. 2(b)). There is no reason to assert that this progressively increasing 
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separation between VIR-free and pseudo-OCV in polarization as a function of DOD is due to NMC 

active material or its deterioration in reaction kinetics (activity). It is because the NMC in the 

seven good cells has behaved consistently very stable. This effect was also recurring cycle by 

cycle starting at BOD (whereas the SOC at BOC varies from cycle to cycle to a slightly lower 

SOC). No literature to date has reported such kind of kinetic retardation of NMC activity during 

cycle aging (that is recurring). In our analysis, the amount of QFLAM is insignificant to create this 

effect. As this effect was recurring and it became worse cycle by cycle, we thus suspect that this 

increasing polarization with DOD could only come from the LME anode.  

At Cycle 50, the onset of the separation of VIR-free and pseudo-OCV in Cell #7 has been 

increased to about 45% SOC, as revealed in Fig. 2(d). Cell #3 exhibited a growing impact from 

the polarization increase at LME, even though the capacity did not suffer a significant loss, 

compared to that of Cell #7. The most serious degradation was found in Cell #8, which suffered 

a substantial QF that seems much beyond the degree anticipated from the KPH effect. In other 

words, the drastic increase in QF in Cell #8 from Cycle 45 to 50 is quite disproportional to the 

increase of LME polarization with DOD (i.e. if one followed the same trend as projected from 

Cells #7 and #3). Therefore, we suspect that the dramatic QF around 45% SOC is likely the 

result of shortage in Li inventory, not just LME polarization. The failure of Cell #8 reveals the 

transition of failure modes from increasing LME polarization to the shortage of Li inventory. 

Unarguably, the presumption of a sustainable integrity with NMC with cycle aging helped us to 

identify the issues with the LME anode. 

Interestingly, the failure at the LME from the increasing polarization with DOD and with 

cycle number to the shortage of Li inventory could be further supported by the evidence in the 
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SEM micrographs obtained from the spent LME of these three cells at the end of RPT-2 when 

the cells were fully discharged, as shown in Fig. 3.  

Fig. 3(a) shows a representative surface morphology of Cell #7 spent LME anode. Here, 

reversible Li stripping and deposition is key to the excellent charge retention in the good cells. 

Such reversibility is suggested by the presence of the smooth surface of the Li grains in LME. 

However, in certain parts of the LME (as highlighted), some “inactive” or “dead Li” pieces were 

also found. This is evident by the surface charging effect (brighter contrast) by the e-beam, due 

to the presence of thicker SEI (known to be electronically insulating layer) on these “dead Li” 

pieces. The “tortuous” surface of these “dead Li” pieces also suggests that they were likely 

created by pitting due to uneven Li stripping and current density distribution.17-18 As cycle aging 

continues, the amount of “dead Li” continues to grow and accumulate on the surface of LME. 

Meanwhile, the active surface area available for Li stripping could be reduced as a consequence. 

This mechanism may induce further increase in unevenness of current density distribution and 

stripping. Such a vicious cycle in the evolution of the surface morphology, accompanied with 

increasingly more strenuous Li deposition and stripping, lead to the non-linear QF in the bad 

cells and the resulting surface morphology on the spent LME as shown in Fig. 3(b). At this stage, 

strips of “dead Li” now cover the surface, leaving voids (where Li was stripped away for the 

intercalation in the NMC) going deeper into the LME bulk like trenches. In Fig. 3(c), the spent 

LME of the ugly cell is now packed with a substantial portion of “dead Li” on the surface, 

whereas the proportion of the voids where active Li was stripped away is much reduced. Thus, 

the disproportional amount of void space left behind by Li stripping on the spent LME at the end 

of discharge suggests the amount of active Li is very limited for intercalation as evident by the 

serious capacity fade.  
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The implications from these SEM micrographs corroborate our suspicion on the LME 

performance and its impact on charge retention. Preferential Li stripping resulted in a diverse, 

unpredictable supply of active Li that created significant variability in charge retention and cycle 

life among the cells in the same build, even though they behaved quite consistently in the 

beginning of life.  

 

Table 1. Detailed quantification of capacity fade (QF) attributes from the quantitative eCAD-

based FMEA for the representative good, bad and ugly cells in the discharge regime. All Q and 

QF are expressed in mAh g−1. 

Cycle Capacity, Q QFLAM QFIR QFKPH 

Good, Cell 7 21 

RPT-0 (C/20) 204.52 0.00 ― ― 

Cycle 1 189.90 0.26 14.36 0.00 

Cycle 5 187.61 1.32 14.36 1.24 

Cycle 10 185.31 2.64 14.36 2.21 

Cycle 15 183.02 3.97 14.36 3.18 

Cycle 20 180.81 5.29 14.36 4.07 

Cycle 25 178.51 6.61 14.36 5.04 

RPT-1 (C/20) 197.38 7.14 ― ― 

Cycle 26 177.15 7.32 14.36 5.70 

Cycle 30 175.28 8.02 14.36 6.86 

Cycle 35 172.99 8.90 14.36 8.28 

Cycle 40 170.44 9.78 14.36 9.95 

Cycle 45 168.23 10.67 14.36 11.27 

Cycle 50 166.27 11.55 14.36 12.35 

RPT-2 (C/20) 192.62 11.90 ― ― 

Bad, Cell 3 

RPT0 (C/20) 203.16 0.00 ― ― 

Cycle 1 188.63 0.26 14.27 0.00 

Cycle 5 186.50 1.13 14.27 1.26 

Cycle 10 183.95 2.27 14.27 2.67 

Cycle 15 181.74 3.40 14.27 3.75 

Cycle 20 179.53 4.53 14.27 4.83 

Cycle 25 177.15 5.67 14.27 6.07 

RPT-1 (C/20) 197.04 6.12 ― ― 

Cycle 26 176.39 6.30 14.27 6.21 

Cycle 30 173.84 7.02 14.27 8.04 

Cycle 35 171.37 7.92 14.27 9.60 

Cycle 40 168.57 8.82 14.27 10.98 
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Cycle 45 164.31 9.72 14.27 12.32 

Cycle 50 157.26 10.62 14.27 13.66 

RPT-2 (C/20) 180.04 10.98 ― ― 

Ugly, Cell 8 

RPT-0 (C/20) 203.67 0.00 ― ― 

Cycle 1 191.18 0.26 12.23 0.00 

Cycle 5 187.86 0.94 12.23 2.64 

Cycle 10 185.57 1.89 12.23 3.99 

Cycle 15 183.36 2.83 12.23 5.25 

Cycle 20 181.06 3.78 12.23 6.60 

Cycle 25 178.68 4.72 12.23 8.04 

RPT-1 (C/20) 198.57 5.10 ― ― 

Cycle 26 177.49 5.28 12.23 8.67 

Cycle 30 175.03 6.00 12.23 10.42 

Cycle 35 172.22 6.90 12.23 12.32 

Cycle 40 168.40 7.80 12.23 13.58 

Cycle 45 160.66 8.70 12.23 15.24 

Cycle 50 92.15 9.60 12.23 16.91 

RPT-2 (C/20) 103.79 9.96 ― ― 

 

 

Fig. 2. Failure analyses of the variability in cycle life of three LME || NMC-622 cells: Cell #7 (a 

“good” cell), Cell #3 (a “bad” cell), and Cell #8 (an “ugly” cell). (a) The charge retention 
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curves, (b) the eCAD-based analytic discharge curves at Cycle 25, (c) Cycle 45 and (d) 

Cycle 50 for the three cells. Insets are the experimental discharge curves for comparison. 

The universal pseudo-OCV–SOC curve derived from the averaging of the C/20 charge and 

discharge curves is shown in black in each plot to provide a baseline for comparison with 

the change of cell voltage as a function of Li content in the NMC cathode.  

 

 

Fig. 3. SEM micrographs showing the morphological changes of the Li anode in Cell #7 (good), 

Cell #3 (bad) and Cell #8 (ugly) at the end of the cycle aging. 



 

14 

 

Conclusion 

We have shown the charge retention of 14 rechargeable Li || NMC-622 cells of the same 

build and their classification into good, bad and ugly classes based on performance in cycle 

aging. Via the illustration of an electrochemical analytic diagnosis (eCAD)-based failure mode 

and effect analysis (FMEA) on three sample cells, one from each class; we show cell 

qualification can be reliably achieved by this method based on thermodynamic state of charge 

(SOC) determination. Precise and accurate quantification of capacity fade (QF) attributes can be 

achieved. Such quantification can separate (1) the loss of active materials (QFLAM)—a 

thermodynamic attribute—from those that cause under-utilization of the active material (QFUAM) 

in the electrodes—kinetic attributes—due to (2) reduction in capacity (QFIR) by rate-dependent, 

IR-induced polarization and (3) deterioration from kinetic polarization hindrance (QFKPH). We 

found very consistent, well-behaving Li metal cells in the same build could exhibit very diverse 

charge retention and cycle life results. Such a significant diversity and variability in cycle life is 

a result of uneven, preferential Li stripping, “dead Li” formation and surface morphology 

evolution on Li metal electrode (LME) in cycle aging as revealed by eCAD-based FMEA and 

SEM micrographs of the spent LME at the end of cycle aging in these cells. The interplay of 

these phenomena resulted in a diverse distribution of Li inventory that greatly affects charge 

retention and cycle life during cycle aging. Using this quantitative eCAD-based FMEA, we 

demonstrated a unique cell qualification method that has not been reported before. 
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